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Abstract 
Micro-EDM is a well-known process for precision micro machining of difficult to cut materials. It is especially 
beneficial when machining complex micro structures such as deep bores, grooves or undercuts in highly wear resistant 
materials. One constraint is its limitation to electrically conductive materials. 
Advanced materials such as high-temperature resistant engineered ceramics are gaining more and more importance, 
nonetheless due to their manifold applications in transport, energy and also biomedical areas.  
An adaption of micro-EDM to nonconducting ceramics could bring together the design freedom implemented in the 
EDM process and the beneficial material properties of engineered ceramics. 
In the last years, research has successfully applied the assisting electrode method to zirconia material, allowing for the 
micro-EDM to proceed notwithstanding the electrically nonconducting properties. Using suitable dielectric and 
process parameters, the machining continues even after the electrically conducting starting layer has been removed.  
Within this study the micro-EDM milling of zirconia is investigated in order to further understand the mechanisms of 
ceramics machining. Roughness and surface characteristics are analyzed and compared to the equivalent metal parts. 
The voltage and current signals are recorded using high speed deep memory A/D converters to allow for an insight 
into the process. With the findings the process can be improved in terms of speed, accuracy and achievable structures. 
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1. Introduction 
1.1. Micro Electro Discharge Machining 
The Electro Discharge Machining process is based on 
ablation of material through melting and evaporation. 
The electrical discharges occur between tool electrode 
and workpiece in a dielectric medium that separates the 
two. A voltage is attached to both electrodes and, when 
the breakdown voltage of the medium is reached, a 
plasma channel allowing for a current flow is established 
and a discharge takes place. On the base of the plasma 
channel the temperature can reach T 10000K, melting 
and evaporating electrode material. When the energy 
input is stopped the discharge ends, leading to an 
implosion of the plasma channel followed by a collapse 
of the surrounding gas bubble. The reflow of the 
dielectric medium flushes particles away and cools the 
electrode surface.  
By constant repetition of the process, the tool 
electrode surface is resembled in the workpiece and, by 
feeding the tool, a transfer of the geometry takes place. 
Because of the process nature, the surface is an assembly 
of single discharges and shows a crater like topology. 
The geometrical accuracy and the surface roughness 
depend on the size and shape of these craters and 
therefore on the volume that is ablated with each 
discharge.  
A minimization of discharge energy is the key to 
accuracy and optimal surface characteristics.  
Consequently, the discharge gap must also be 
minimized, which leads to increased flushing demands. 
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In micro EDM of metals, the discharges have a
typical duration of te 100ns and transfer energy of
We 10 J. The resulting crater width depends on the 
workpiece material properties, but a diameter of dc 5 m
and depth of 
surface roughness can be as low as Rz
benefit of the Electro Discharge Machining Process, due
to its electro thermal nature of ablation, is independency
of material hardness and brittleness. The noncontact
nature of the process results in a nearly force free 
machining, allowing the usage of soft, easy to machine
electrode materials even when shaping very hard
workpieces. This also enables the machining of fragile
or thin workpieces. Furthermore, fine micro tools can be
used in small angles to the workpiece surface.
1.2. Ceramics
Ceramic materials are, due to their extraordinary
properties such as high hardness and biocompatibility, 
increasingly used in micro parts. Its machining,
however, is difficult, and mostly slow and expensive 
grinding processes are used [1].
Electro discharge machining with its nearly forceless
behaviour and independence of hardness and material
brittleness seems to be an appropriate process, but is
mainly limited to conductive materials. In research,
several approaches have been taken to machine
nonconductive ceramic by means of EDM, with the
d, developed by Mohri and 
Fukuzawa [2, 3, 4], leading to successful machining of 
Zirconium dioxide materials.
1.3. State of the art
In conventional micro EDM, an important focal point 
in research has been the superposition of vibration onto
the tool or workpiece to improve flushing conditions and 
thus stabilizing the process. The usage of ultrasonic as
well as low-frequency vibration has been investigated
and has lead to great improvements in achievable aspect 
ratios for micro bores [5].
In previous studies, the assisting electrode approach 
has been adapted to a vibration assisted micro EDM
setup to examine the effects of different frequencies and
amplitudes on process speed and achievable geometries 
[6, 7].
As the micromachining of these materials is often 
targeted at medical applications, a commonly used
biocompatible Zirconium dioxide compound is selected.
For this study, the process is analysed and adapted to 
machine grooves by using micro-EDM milling.
2. Experiment
2.1. Experimental setup
2.1.1. Machine tool, electrode  and workpiece
A standard micro EDM machine tool is used for the
experiments (Sarix SX-100HPM). EDM oil is applied as
dielectric fluid. Centerless ground Tungsten carbide rods 
(6% Cobalt binder) of d=115μm are used as tool
electrode. The workpiece material for the experiments is 
ZrO2 with Y2O3 stabilization. Comparison tests were 
conducted using an 18CrNi8 (1.5920) steel.
2.1.2. Starting layer
A common silver varnish with 45% silver content is
used to create the starting layer. It is applied with a
paintbrush. After drying, the uniformity of the layer 
formation is tested by measuring the resistance using a
Fluke multimeter. The thickness of the layer is 
approximately 20μm.
The principle setup of the assisting electrode method 
is shown in figures 1 and 2. 
electric circuit
tool electrode
dielectric oil
conductive starting layer
non conductive workpiece 
material
figure 1 - assisting electrode setup
When the first layer is machined, a conducting rebuilt
layer is generated on the workpiece, visible as black 
surface areas. It can be established due to a thermal
splitting of the hydrocarbon oil molecules by the plasma 
discharges. The detailed composition of this second
layer is still under investigation; however, it is believed
that ZrC could be produced during the high temperature
and pressure environment when discharges take place.
carbon particles deposit on 
surface and create new 
conductive layer
discharge into thin 
deposited layer also 
machines workpiece 
material
figure 2 - machining nonconductive ceramics
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2.1.3. In-process measurement setup 
Current and voltage signals are recorded using a 
Tektronix TCP312 current probe, PMK PKT 9512A 
50:1 voltage probe and Spectrum M2i 2031 A/D 
measurement cards with up to 200*106 samples per 
board memory allows for 
recording periods of up to 1.2s for synchronized 
measurement of both u and i. 
To get a detailed insight into the state of the process, 
the electrode feed is monitored. To do so, a LabView 
program is written that analyses the communication 
between the machine tool control and the stepper motor 
for the electrode feed and calculates and records the 
current z axis position. 
2.1.4. Analysis of machining results 
To measure the geometry of the machined structures, 
a Nikon MM400 measurement microscope was used. 
Additionally, a Keyence VK9700 confocal laser 
scanning microscope was applied for small-scale 
measurement and optical surface roughness analysis. 
Tactile roughness measurements were taken with a Mahr 
MMQ200/MahrSurfGD25. 
2.2. Parameter variation 
2.2.1. EDM parameters 
For the experiments, the ED machining parameters 
were set to identical values to those of the metal EDM. 
The values are shown in table 1. In previous tests it was 
found that machining of nonconducting ceramic ZrO2 
material only takes place with cathodic polarity. For 
metal EDM, anodic polarity is used. Electrode rotation 
speed is set to 400rpm.  
Mohri et al. [4] investigated EDM of nonconductive 
ZrO2 using isopulse-type generators and set long 
discharge durations of te=256μs. He found that even 
much longer discharges took place and explained this 
with the generator controller continuously supplying 
current because it cannot detect the occurring pulses 
(voltage above threshold level).  
In this study, RC type generators, as commonly used 
in micro-EDM, are applied. The discharge duration can 
therefore only be influenced by the capacitor size, 
reflected in the CF parameter. 
To understand influences of different EDM 
parameters in relation to the machined material, 
discharge energies were varied from CF100 (smallest 
value) to CF104, representing discharge currents of 
i=3A to i=8.5A and discharge durations of te=100ns and 
te =180ns, respectively. 
The open circuit voltage and the capacitor recharge 
frequency were left unchanged throughout the 
experiments. 
 
Table 1. EDM parameters 
Parameter Min Max 
Open Circuit Voltage (u) 100V  
Discharge energy level (CF) 100 104 
Discharge current (i) 3A 8.5A 
Discharge Duration (te) (nominal) 100ns 180ns 
Recharge frequency (nominal) 150kHz  
2.2.2. Wear determination 
When using cylindrical rod electrodes in μEDM-
milling, a circumferential tool wear on the bottom 
electrode surface occurs, leading to diameter reduction 
and eventual sharpening of the tool tip. Additionally, a 
vertical tool wear shortens the tool electrode. When 
moving the tool in horizontal direction only, this results 
in a change of groove cross section from rectangular to 
v-shaped with growing tool wear (figure 3). To 
compensate for this, available approaches include 
minimizing active tool depth and repeated reshaping of 
the tool tip during machining. To determine the wear 
characteristics of metal and ceramics machining, tests 
have been conducted with and without compensation 
movements of the tool. 
 
 
figure 3 - groove shape change due to tool wear (without 
compensation, steel) 
The tool wear volume was calculated from the change 
in length during machining. Removal volume values 
were obtained using the data provided by the confocal 
scanning microscope.  
2.2.3. Machining path 
For the investigations, two structures were 
programmed; a single groove machined in one direction 
with a length of 2.5mm and a set of three overlapping 
grooves as shown in figure 4.  
The three-groove path is chosen to test the process 
stability for machining of base material in areas where 
no starting layer is available.  
The depth of the grooves was targeted at 120μm, but 
is of course dependent on the process setup. 
Measurements regarding material removal rate and 
surface parameters were conducted on the overlapping 
groove structure. 
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figure 4 - EDM milling path for micro groove machining 
3. Results and discussion 
3.1. General machinability 
The investigations show a feasibility of μEDM-
milling for the machining of nonconductive ceramics. 
When using the assisting electrode approach that has 
been successfully applied for machining micro bores in 
previous studies, a stable process can be set up for 
milling procedures, too. 
Even when machining areas that are not covered by a 
starting layer (section PM5-P6 in the three-path-setup), a 
stable erosion process could be achieved. Figure 5 shows 
a machined three-groove structure in ZrO2. On the left 
hand side remelted material of the starting layer is 
visible, whereas on the right hand side, the silver layer is 
still intact. The black secondary layer on the bottom of 
the groove is generated during EDM of ceramics in oil . 
 
 
figure 5 - machined 3-groove structure in ZrO2 (width 2670μm, heigth 
240μm) 
3.2. Roughness and surface characteristics 
The measurements show a higher roughness for the 
ceramic parts in comparison to the metals when using 
identical EDM parameter sets. In the tests conducted, 
values for ZrO2 were by a factor of 2.5 higher than those 
in 1.5920 steel.  
Figure 6 shows the Rz and Ra values of the different 
parameter sets, measured using tactile probing along the 
groove bottom. As expected, roughness increases with 
increased discharge energies. 
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figure 6 - surface roughness after EDM milling 
The tactile measured values can be verified by 
analyzing the confocally acquired surface profiles. 
Figures 7 and 8 show the achieved surfaces after EDM 
milling in ZrO2 ceramics (left) and steel (right) in the 
middle of the groove structure. The area shown extends 
to 75x75μm². 
 
figure 7 - surface texture in ZrO2 (left) and steel  (right), CF100 
     The crater-like topology in metal EDM can be 
clearly identified. The images also clarify the different 
surface roughness between ZrO2 and steel. However, the 
general topology is similar between steel and ZrO2, as 
was already shown in different previous studies [4, 6].  
Figure 8 shows  apart from the generally rougher 
surface due to higher discharge energies  also a 
machining inaccuracy in the steel part. This 
accumulation of resolidified material is very likely due 
to an arc discharge or a short circuit in the process. For 
the ceramic material, such areas were not found. 
     
figure 8 - surface texture in ZrO2  (left) and steel (right), CF104 
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The optically obtained roughness parameters 
correspond to the tactile measurements. Measurements 
of discharge crater diameter and depth (mean values), 
also acquired from the optical measurements, are shown 
in table 2. 
Table 2. Confocally measured discharge crater diameters and depths 
 ZrO2 
CF100 
Steel 
CF100 
ZrO2 
CF104 
Steel 
CF104 
Average crater 
diameter [μm] 
3.7 2.7 6.6 3.2 
Average crater 
depth [μm] 
1.6 1.3 4.5 1.0 
 
Noticeable is the large difference in crater depth 
when applying larger discharge energies  an 
explanation can be the smoothing of the steel surface 
through remelting of adjacent crater rims that does not 
take place during ceramic micro-EDM. 
3.3. Voltage and current signals 
The discharges between metallic and ceramic EDM 
differ substantially. When machining metal, short, high 
peak current pulses can be found and the process is 
repeated to the recharge frequency of the generator 
(figure 9).  
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figure 9 - voltage/current recording of metal μEDM  
In contrast, during EDM of nonconducting ceramic 
material using the assisting electrode setup, the 
discharge current pulses are in general of smaller 
amplitude and much longer duration. Figure 10 shows a 
recording of voltage and current, drawn with the same 
scaling as the metal discharge recording in figure 9. 
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figure 10 - voltage/current recording of ZrO2 μEDM 
Taking a closer look at a single discharge during 
ceramic machining, the different pulse shape is clearly 
visible. Where a metal discharge duration  applying the 
same parameter set  is in the range of 100 to 150 
nanoseconds, the ceramic discharge peaks for that time 
but remains existent  at a lower current  for a 
significantly longer time, in these experiments the 
typical duration was estimated at 5 to 10 microseconds 
(figure 11).  
In previous EDM drilling tests, durations of up to 
3000 microseconds were recorded.  
The discharge current during ceramic EDM milling 
peaks at around 15% of the metal EDM milling using the 
same parameters.  
Figure 12 shows a discharge of metal EDM milling 
for comparison. 
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figure 11 - single discharge in ZrO2 EDM milling 
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figure 12 - single discharge in metal EDM milling 
3.4. Tool wear and material removal rate 
During the machining, process time and electrode 
wear are recorded. By optical analysis, the ablated 
volume of the grooves was obtained. Using both values, 
statements on material removal rates can be made.  
When machining using equal wear compensation of 
0.04mm per 2.5mm groove length, the resulting depth of 
the metal and ceramic geometries lie within similar 
regions and only differ by approx. 5%. Hence, the tool 
wear is in a similar region, too. 
The different discharge energies used in the tests are 
of minor effect and shift the ablated volume, wear and 
MRR by less than 10%.  
Nonetheless, taken into account the machining time 
for the tests conducted, the ceramic machining was 
faster, hence resulting in a higher material removal rate 
(figure 13). 
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figure 13 - material removal rate and ablated volume (CF104) 
A comparison to state-of-the-art μEDM-drilling in 
metal however reveals that the process is still reasonably 
slow, with a factor 10 to compete with an optimized 
such process. The machining took 507 seconds for metal 
and 440 seconds for ceramic (CF104) to complete. 
4. Conclusion and further steps 
Within this study, the μEDM-milling of 
nonconductive ZrO2 ceramics could successfully be 
demonstrated.   
A milling tool path was programmed to allow for the 
analysis of surface roughness and structure. Using an 
appropriate wear compensation, grooves with even 
ground could be machined in nonconducting zirconium 
dioxide ceramic material.  
As in the machining of micro bores, the process can 
be kept stable when a second rebuilt layer is produced 
that generates a closed electric circuit.  
The surface roughness of ceramic machined with 
micro-EDM is in the range of two- to threefold the 
roughness in steel when using the same parameter sets.  
Discharges show the same anomaly  compared to 
the short peak discharges in metal  as during ED-
machining of micro bores in previous studies, however, 
smaller pulse peaks with shorter durations of around six 
microseconds were observed.  
As next steps, the nature of the rebuilt layer and the 
influence of process parameter sets on its generation 
have to be characterized in order to enable an 
optimization of process parameters.  
Furthermore, the influence of discharge energy and 
gap width regulation strategy on process time must be 
analyzed in more detail. Here, an optimization potential, 
e. g. by sequentially using roughing and smoothing 
processes, can be expected.   
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